| INTRODUC TI ON
Angiogenesis, the process of the development of new vessels from the initial vasculature, plays an important role in wound healing, inflammation and tumour growth (Alkim, Alkim, Koksal, Boga, & Sen, 2015; Mattsby-Baltzer, Jakobsson, Sörbo, & Norrby, 1994; Yao et al., 2011) . First steps in the angiogenesis process include stimulation and activation of endothelial cells, secretion of various pro-angiogenic and pro-inflammatory molecules by activated endothelial cells, extravasation of leucocytes and degradation of basal membrane and extracellular matrix by matrix metalloproteinases (MMPs) and other proteases (Alkim et al., 2015) . Similar steps occur in sepsis-related laminitis (De la Rebière de Pouyade et al., 2010; French & Pollitt, 2004; Loftus, Black, Pettigrew, Abrahamsen, & Belknap, 2007; Riggs et al., 2007) , a very painful and often life-threatening disease of the suspensory apparatus of the distal phalanx of horses. Systemic sepsis (endotoxemia) develops secondary to diseases in which endotoxin from gram-negative bacteria (lipopolysaccharide, LPS) enters the bloodstream such as enterocolitis, pleuropneumonia and endometritis (Leise, 2018) . Sepsis-related laminitis is the consequence of a systemic inflammatory response syndrome (SIRS); it is characterized by an inflammatory reaction in the lamellar tissue, which results in damage and separation of the lamellar dermo-epidermal interface between the distal phalanx and the inner surface of the hoof capsule (Leise, 2018; Menzies-Gow, 2018; Nourian, Baldwin, van Eps, & Pollitt, 2007) .
The systemic inflammatory events that occur in sepsis-/ SIRS-related laminitis coincide with marked increase in lamellar expression of a variety of inflammatory mediators including the cyclooxygenase (COX) enzyme (Blikslager et al., 2006; Waguespack, Cochran, & Belknap, 2004) , which catalyses the biosynthesis of prostanoids (prostaglandins, prostacyclin and thromboxane) from arachidonic acid (Rouzer & Marnett, 2009; Smith, 1992) . There are at least two isoforms of the COX enzyme, COX-1 and COX-2. The former enzyme is constitutively expressed in most cell types and its metabolites are thought to mediate physiological responses (Rouzer & Marnett, 2009; Smith, 1992; Tsatsanis, Androulidaki, Venihaki, & Margioris, 2006) ; however, COX-1 might also contribute to the inflammatory reaction (McAdam et al., 2000) as well as to the regulation of the angiogenesis process (Tsujii et al., 1998) .
The other isoform, COX-2, has low basal expression in most tissues, but it is rapidly and transiently induced in several cell types including fibroblasts, endothelial cells and leucocytes during inflammation (Rouzer & Marnett, 2009; Tsatsanis et al., 2006; Wadleigh, Reddy, Kopp, Ghosh, & Herschman, 2000) . Metabolites of COX-2 are important in some physiological and also in numerous pathological mechanisms including the pathophysiologic events that are involved in SIRS-induced laminitis such as vasomotoric changes, platelet aggregation and perception of inflammatory pain (Tsatsanis et al., 2006; van Eps, Leise, Watts, Pollitt, & Belknap, 2012) . Another important role of COX-2 is as mediator in the angiogenesis process (Iniguez, Rodriguez, Volpert, Fresno, & Redondo, 2003; Tsujii et al., 1998; Yao et al., 2011) .
While there is evidence that LPS can initiate both SIRS-induced laminitis (Parsons, Orsini, Krafty, Capewell, & Boston, 2007) and angiogenesis (Mattsby-Baltzer et al., 1994; Pollet et al., 2003; Wang et al., 2018) , little is known about the direct effect of LPS on the expression of COX and the distribution of this pro-inflammatory and pro-angiogenetic enzyme in the LPS-stimulated tissue.
The aim of the present study was therefore to use extracorporeal haemoperfusion of isolated equine limbs with LPS-supplemented perfusate to investigate the effect of LPS on the expression and distribution of both isoforms of COX enzyme in the lamellar tissue.
Our hypothesis was that perfusion of the isolated equine limbs with a clinically relevant concentration of LPS results in an increase in lamellar presence of the COX enzyme.
| MATERIAL S AND ME THODS

| Samples
In the present study, archived paraffin-embedded lamellar tissue samples from previous studies (Patan, Budras, & Licka, 2009; Patan-Zugaj, Gauff, & Licka, 2012) were used. The samples were collected after extracorporeal perfusion of isolated right forelimbs from 10 horses of various breeds (mean ± SD age: 14.0 ± 6.1 years, mean body weight: 516 ± 70 kg). The limbs (mean ± SD limb-weight:
6.74 ± 1.69 kg) were obtained by disarticulation at the middle carpal joint directly after the horse's death following routine slaughter processing at a local licensed abattoir. The left forelimbs of three of those horses were also collected for use as non-perfused control limbs.
Prior to slaughter, each horse was examined at walk and trot and assessed for lameness. Additionally, a short clinical examination was performed to detect obvious signs of systemic disease. Horses were excluded if any sign of systemic or hoof disease was detected.
Horses were killed at a commercial abattoir using a penetrating captive bolt followed by exsanguination during the routine slaughter process. The blood of each horse was collected during exsanguination, heparinized and used for autologous extracorporeal perfusion.
As limbs and blood were collected as by-products during the routine slaughter process, no approval from an institutional care and use committee was required.
| Limb processing
Immediately after limb collection, the median artery of each iso- 
| Extracorporeal perfusion of the isolated limbs
For perfusion, the isolated right forelimbs were randomly assigned to two groups: perfusion under physiological conditions (controlperfused limbs; n = 5), or under the same conditions with addition of 80 ng/L of endotoxin (LPS from Escherichia coli type O55:B5; Sigma-Aldrich Handels GmbH) to the blood perfusate (LPS-perfused limbs; n = 5). This LPS-concentration was chosen because it is within the range of the plasma endotoxin concentration of horses affected with gastrointestinal or infectious (septicemic) diseases (Fessler et al., 1989; Senior, Proudman, Leuwer, & Carter, 2011; Steverink et al., 1994) and of horses with experimental SIRS-induced laminitis (Sprouse, Garner, & Green, 1987) .
The extracorporeal perfusion of the isolated limbs was performed as described previously (Patan et al., 2009; Patan-Zugaj et al., 2012) .
Briefly, immediately after arrival at the laboratory, the median artery of each isolated right forelimb was connected to the recirculating perfusion system. Perfusion was performed with heparinized autologous blood, which was oxygenated and warmed to 35°C. Total duration of perfusion was 10 hr, including an initial equilibration period of 30 min in which the blood flow was slowly increased to 12 ml kg −1 min −1 .
For monitoring of the viability of the perfused tissues, glucose utilization as well as lactate and lactate dehydrogenase production were determined and blood gas analysis was performed at 1-hr intervals.
Supplementation of the perfusate with glucose was necessary in 1-hr intervals to compensate for glucose utilization.
| Sample preparation
Immediately after perfusion, blocks of lamellar tissue (approx. 10 × 10 × 10 mm) were obtained from the proximal and distal part of the dorsal aspect of the hoof. Specimens were fixed in 4% formaldehyde, embedded in paraffin and kept in a dark room temperature (approx. 20°C) storage unit until further processing. Samples from the non-perfused left forelimbs were collected immediately after transport and prepared in the same way.
| Immunohistochemistry
Immunohistochemical staining of the lamellar tissue was performed using polyclonal goat anti-human COX-1 antibody (C20; Santa Cruz Biotechnology Inc; dilution, 1:100) and monoclonal rabbit anti-human COX-2 antibody (clone SP21; Thermo Fisher Scientific Inc; dilution, 1:500). Both antibodies are not tested for cross-reactivity with equine COX enzymes by the antibody manufacturers, but the COX-1 antibody was already used in equine lamellar tissue in a different study (Blikslager et al., 2006) . Prior to staining, dilution series were performed to determine a suitable staining dilution with little background staining. For both antibodies, all slides were stained in a single batch.
For immunohistochemical staining, archived paraffin-embedded blocks of lamellar tissue were sectioned at 4 µm thickness.
Afterwards, sections were mounted on silane-coated glass slides, deparaffinised, rehydrated and incubated in 0.6% hydrogen peroxide for 15 min. For antigen retrieval, sections were heat treated (65°C) for 2 hr with a citrate buffer (pH 6.0, for COX-2 detection) or with a Tris/EDTA buffer (pH 9.0, for COX-1 detection). To block non-specific bindings, the sections were then incubated in 1.5% goat serum in PBS solution (COX-2) or in 1.5% bovine serum albumin in PBS solution (COX-1) for 30 min. Afterwards, slides were incubated with the primary antibody diluted in PBS solution overnight at 4°C.
Additional sections were incubated with PBS solution alone to serve as negative control. Slides intended to use for detection of COX-2 were then incubated with a biotin-free secondary antibody that was polymerized directly with horseradish peroxidase (BrightVision Poly-HRP-anti-rabbit antibody; ImmunoLogic) for 30 min at room temperature. For detection of COX-1, a different biotin-free secondary antibody (ImmPress anti-goat Ig Peroxidase Polymer Detection Kit; Vector Laboratories Inc) was used. Finally, sections were incubated for 10 min in 3,3′-diaminobenzidine tetrahydrochloride to visually identify the antigen as a brown precipitate. All sections were counterstained with hemalum for 3 min. For both antibodies, human placenta samples and lamellar tissue samples from forehooves of a horse that had naturally acquired acute, clinical laminitis were treated similarly and served as positive controls.
All slides were randomly coded with a unique alphanumeric identification and then evaluated via light microscopy at 25× magnification by one of the authors (BPZ), who was blinded to the identity of samples. The intensity of staining was subjectively scored using a semi-quantitative scoring system ranging from 0 to 3 (Fedchenko & Reifenrath, 2014) . Score 0 was assigned if no stained cells were visible, and scores 1, 2 and 3 were assigned if the degree of staining was assessed as mild, moderate or intense, respectively. To examine the distribution of the COX enzymes in the lamellar tissue, eight locations were evaluated in each section To control for differences caused by perfusion, comparisons between perfused (right) and non-perfused (left) forelimbs were performed using the Wilcoxon test including only data obtained from the three donor horses where both limbs were available.
| Statistical analysis
Comparison between the LPS-perfused (n = 5) and control-perfused right forelimbs (n = 5) was performed using the Mann-Whitney U test. Descriptive statistics such as median and IQR were used to summarize results.
| RE SULTS
| Immunohistochemical analyses
Both antibodies showed an obvious reaction in the positive control samples, whereas no reaction was visible in the negative control samples.
The median immunohistochemical scores of lamellar tissue sections from non-perfused control limbs and control-perfused limbs (n = 3 in both groups) did not differ significantly neither for COX-1 (6.5; IQR 6.6 to 7 vs. 8; IQR 7.75-8.25; p = .109) nor for COX-2 (1.5; IQR, 1 to 2 vs. 4; IQR 2.75-4.5; p = .276; Figure 2a ).
For COX-1, comparison of the median scores of lamellar tissue sections from LPS-perfused limbs (5.5; IQR, 4-6.5) versus control-perfused limbs (8; IQR, 7.5-8) revealed no significant differences (p = .141). However, for COX-2, the median score for LPS-perfused limbs was significantly (p = .009) higher (8.5; IQR, 7.5-10) than that for control-perfused limbs (4; IQR, 2.5-5; Figure 2b ).
| Distribution of the isoforms of the COX enzyme in the lamellar tissue
For COX-1, in all groups, a moderate staining of the basal epidermal cells and fibroblasts as well as a mild staining of the suprabasal epidermal cells, the dermal extracellular matrix and the endothelial and vascular smooth muscle cells was detectable in the entire laminar region (Figure 3a-c) .
For COX-2, little staining was visible in the entire lamellar region in tissue sections from non-perfused control and control-perfused limbs; in both groups, only single basal epidermal cells, fibroblasts and endothelial cells showed a mild staining (Figure 4a,b) . In the sections from LPS-perfused limbs, moderate-to-intense staining of endothelial cells, intravasal leucocytes and fibroblasts (especially at the base of the PDL and at the supralamellar region) was detectable, whereas vascular smooth muscle cells and extracellular matrix showed no reaction with the COX-2 antibody. The staining pattern of the keratinocytes at the tip of the PEL was similar to that of the control group with only mild staining of some isolated basal epidermal cells, but the staining intensity and incidence increased from the tip to the base of the PEL (Figure 4c-f) . (1), in the middle (2) and at the base (3) of the primary epidermal lamellae, dermal tissue at the tip (4), in the middle (5) and at the base (6) of the primary dermal lamellae as well as perivascular dermal tissue (7) and endothelial cells (8) (French & Pollitt, 2004; Loftus, Johnson, Belknap, Pettigrew, & Black, 2009; Nourian et al., 2007) ; they also occur as first steps in the angiogenesis process (Alkim et al., 2015) .
An important limitation of the set-up used in the present study may arise from the fact that the results were gained post-mortem using extracorporeally perfused isolated limbs. The resultant lack of systemic influences can be regarded as advantage for examination of a specific aspect, but otherwise, it may implicate a disadvantage for transferring the results to living horses and therapeutic approaches. Another potential limitation was the time required for transportation of the limbs to the laboratory leading to cold ischaemia for 60-120 min followed by reperfusion. The effect of cold ischaemia and reperfusion on the lamellar tissue of extracorporeally haemoperfused equine limbs was examined in a previous study (Patan et al., 2009) . In this study, indicators for cell metabolism such as oxygen and glucose consumption as well as lactate generation, indicators for cellular damage such as potassium concentration and lactate dehydrogenase (LDH) activity in the perfusate, and also the histologic and ultrastructural appearance of the lamellar tissue were examined. All these parameters showed no signs of post-ischaemic cellular damage of the perfused lamellar tissue after 10 hr of haemoperfusion (Patan et al., 2009) . To assess possible ischaemia-and reperfusion-induced changes as well as effects induced by the extracorporeal perfusion system on the COX expression in the present study, samples of control-perfused limbs were compared with samples of non-perfused control limbs, which revealed no significant differences in the immunohistochemical scores for both isoforms of the COX enzyme.
Investigation of the COX isoforms is of key interest in laminitis (Blikslager et al., 2006) , not only because of its role as key mediator in inflammation (van Eps et al., 2012) , but also because of its inhibition by non-steroidal anti-inflammatory drugs (NSAIDs) which are the mainstay of therapy of equine laminitis. The COX enzyme is also important in tumour research, because of its role as mediator in the angiogenesis process (Iniguez et al., 2003; Tsujii et al., 1998; Yao et al., 2011) . The inhibition of COX activity by NSAIDs (especially selective COX-2 inhibitors) also inhibits angiogenesis and leads to a dramatic antineoplastic effect in a number of tumour model systems (Iniguez et al., 2003; Kim, Sharma, Ren, Han, & Kim, 2018; Tsujii et al., 1998) .
The two isoforms of the COX enzyme distinctly differ in their distribution in the lamellar tissue and in their reaction to LPS F I G U R E 2 Immunohistochemical scores for detection of COX-1 and COX-2 in equine lamellar tissue sections. (a) Comparison between isolated equine forelimbs that underwent extracorporeal perfusion with autologous blood for 10 hr (control-perfused limbs) and nonperfused contralateral forelimbs (n = 3/group). (b) Comparison between control-perfused limbs and isolated equine forelimbs that underwent extracorporeal perfusion as described for panel (a) with addition of 80 ng of LPS/L of perfusate (n = 5/group). The amount of visible staining was scored on a scale from 0 to 3 for each of the eight locations described in Figure 1 (maximum score/stain, 24). *The median value for the bracketed data points differ significantly (p < .01) between LPS-perfused and control-perfused limbs exposure. The presence of COX-1 in various cell types of the lamellar tissue (especially in the basal epidermal cells and in fibroblasts) even in samples of non-perfused control limbs suggests that COX-1 and its metabolites play a physiologic role in hoof wall growth. After 10 hr, COX-1 expression and distribution were not significantly different in the LPS-exposed lamellar tissue than in controls. These findings are similar to those in the developmental phase of experimental, SIRS-induced laminitis (Blikslager et al., 2006; Leise et al., 2011; Waguespack et al., 2004) . If samples had been taken after a shorter time of LPS exposure, an increase in COX-1 is conceivable, because from as early as 30 min after LPS exposure it is increased in monocytes, and at this time, it may F I G U R E 3 Representative photomicrographs of immunohistochemical staining for COX-1 in equine lamellar tissue sections from a nonperfused control limb (a), a control-perfused limb (b) and a LPS-perfused limb (c). The COX-1 staining (represented by brown precipitates) has a similar pattern in all three groups with a moderate (score = 2) reaction of the basal epidermal cells and fibroblasts and a mild (score = 1) reaction of the suprabasal epidermal cells, the dermal extracellular matrix and the endothelial and vascular smooth muscle cells. Bars = 100 µm et al., 2000) . However, COX-1 is rapidly degraded in response to the elevation of the intracellular calcium level (with a half-life of <30 min; Yazaki, Kashiwagi, Aritake, Urade, & Fujimori, 2012) .
This calcium level is increased by various factors including hypoxia (Arnould, Michiels, Alexandre, & Remacle, 1992) and oxidative stress (Stone et al., 2000) , and both hypoxia and oxidative stress are thought to play a role in the developmental phase of SIRS-induced laminitis (Medina-Torres, Mason, Floyd, Harris, & Mobasheri, 2011; Yin, Pettigrew, Loftus, Black, & Belknap, 2009 ).
These factors are probably also present in the lamellar tissue of LPS-perfused limbs, where microthrombi may lead to local hypoxia and accumulation of leucocytes with activation of myeloperoxidase may lead to oxidative stress (Patan-Zugaj et al., 2014) .
Therefore, it is likely that COX-1 or rather its metabolites contribute to LPS-induced inflammatory reaction in the lamellar tissue during the early phase even though COX-1 is no longer detectable at the end of the 10-hr LPS-perfusion. In clinical cases of laminitis possible contribution of COX-1 to the early inflammatory reaction may be of minor relevance, as therapy with NSAIDs is only initiated as and when first clinical signs of laminitis become apparent;
in experimentally induced laminitis, this was not before 9-12 hr after induction of laminitis (Riggs et al., 2009) .
In contrast to COX-1, a significant LPS-induced increase in COX-2 expression in lamellar tissue was detected, while COX-2 was only marginally present in perfused and non-perfused controls. This is consistent with findings in experimental, SIRS-induced laminitis, where COX-2 mRNA and protein expression are also increased (Blikslager et al., 2006; Leise et al., 2011; Waguespack et al., 2004) . In vitro studies show that exposure of several cell types (including fibroblasts, endothelial cells and leucocytes) to bacterial endotoxin or other stimuli induces COX-2 expression within 2-6 hr (McAdam et al., 2000; Tsatsanis et al., 2006; Wadleigh et al., 2000) . This is confirmed in the more complex set-up of the present study, where COX-2 expression in the LPS-exposed lamellar tissue is mainly localized in endothelial cells, intravasal leucocytes, fibroblasts (especially at the base of the PDL and at the supralamellar region) and also in the epidermal basal cells at the base of the PEL.
The prostanoids produced by the COX enzymes can cause a variety of changes in the lamellar tissue potentially involved in the haemodynamic changes of the lamellar microvasculature and the pathological changes in the dermo-epidermal interface in SIRSinduced laminitis.
One of the main COX-2 products is prostaglandin I 2 (prostacyclin), a potent vasodilator (Brooks et al., 2009) , which may contribute to the vasodilation of the dermal lamellar vessels observed in the developmental phase of experimental, SIRS-induced, laminitis (Pollitt & Davies, 1998) and also in isolated haemoperfused equine limbs after LPS exposure (Patan-Zugaj et al., 2012) .
Another COX-2 product, thromboxane A 2 , is synthesized by platelets and neutrophils (Smith, 1992) and induces platelet aggregation (Tohgi, Konno, Tamura, Kimura, & Kawani, 1992).
Thromboxane A 2 may thus contribute to the formation of microthrombi in the lamellar tissue, which are found in the developmental phase of experimentally SIRS-induced laminitis (Eades et al., 2007; Weiss, Geor, Johnston, & Trent, 1994) as well as after LPS exposure in isolated haemoperfused equine limbs (Patan-Zugaj et al., 2014) .
The LPS-induced increase in COX-2 which was observed in the present study may also be responsible for the increased expression of MMP-9 in the LPS-exposed lamellar tissue (Patan-Zugaj et al., 2018) , because prostaglandin E 2 , a metabolite of COX-2, promotes the production of various MMPs including MMP-9 (Shankavaram, DeWitt, Funk, Sage, & Wahl, 1997) . Specifically, MMP-9 is thought to play an important role in the degradation and structural failure of the dermo-epidermal basement membrane during SIRS-induced laminitis (Medina-Torres et al., 2011; Loftus et al., 2009; Pollitt, Pass, & Pollitt, 1998; Riggs et al., 2009) . Additionally, MMP-9 is known as important pro-angiogenetic enzyme, which plays a decisive role in degradation of basement membrane and extracellular matrix during angiogenesis (Alkim et al., 2015) .
COX-2-induced prostaglandins are also important in the perception of inflammatory pain because they sensitize peripheral sensory nerve endings at the site of inflammation increasing transmission of pain signals to the spinal cord (Tsatsanis et al., 2006) . Therefore, increased lamellar COX-2 expression may contribute to the extreme pain seen in laminitic horses.
In conclusion, a clinically relevant concentration of LPS was able to increase the COX-2 expression in the lamellar tissue of extracorporeal haemoperfused isolated equine limbs, whereas COX-1 of LPS-and control-perfused limbs showed the same amount and distribution after 10 hr of perfusion as non-perfused controls. These results suggest that predominately COX-2 and its metabolites may be involved in the pathological changes seen in sepsis-related events such as SIRS-induced laminitis or LPSinduced angiogenesis. Considering the fact that the activity of native LPS is 5-50 times stronger compared to the purified LPS that was used here (Mattsby-Baltzer et al., 1994) , it is conceivable that the LPS-induced effect on COX-2 expression could be initiated by even lower doses of the native LPS in sepsis-related diseases.
In SIRS-induced laminitis as well as in LPS-induced angiogenesis, COX-2 could be an important therapeutic target, but early therapy may be required as COX-2 expression is markedly increased within 10 hr of LPS exposure. 
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